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Abstract 16 
Levels of self-recruitment within and connectivity among populations are key factors 17 
influencing marine population persistence and stock sustainability, as well as the 18 
effectiveness of spatially explicit management strategies such as Marine Protected Areas 19 
(MPAs). In the United Kingdom (UK), Lundy Island in the Bristol Channel was designated a 20 
No-Take Zone (NTZ) in 2003 and became the UK’s first Marine Conservation Zone (MCZ) 21 
in 2009. This NTZ is expected to represent an additional resource for the sustainable 22 
management of the European lobster (Homarus gammarus) fishery. As the first step in a 23 
genetic monitoring program, this study aimed to investigate population genetic structure of 24 
lobster within and between the Irish Sea and Bristol Channel and in doing so to assess the 25 
functioning of the Lundy NTZ in the context of connectivity and other genetic parameters. 26 
Analysis of microsatellite data indicated that lobsters within the study area are genetically 27 
homogeneous and supports the view of a single panmictic population wherein the Lundy 28 
NTZ is highly connected. Levels of genetic variability were universally high with no 29 
evidence of differences for the NTZ. Furthermore, there was no evidence of recent genetic 30 
bottlenecks, and estimates of effective population sizes were infinitely large. The results 31 
suggest that if current management and breeding stock sizes are maintained genetic drift will 32 
not be strong enough to reduce neutral genetic diversity. 33 
Keywords: Marine protected area; population genetics; sustainability; larval connectivity; 34 
recruitment; crustacean 35 
  36 
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1. Introduction 37 
Spatial patterns of self-recruitment and connectivity are recognised as key factors 38 
shaping the dynamics of marine populations and how they respond to natural and/or human 39 
disturbances (Hastings & Botsford 2006). For harvested species, failure to identify 40 
independent (non-connected) population units can lead to local overfishing and ultimately, 41 
severe declines. Self-recruitment and connectivity also determine the efficacy of management 42 
strategies, such as marine protected areas, that are increasingly being implemented as tools to 43 
simultaneously achieve both fisheries management and biodiversity conservation objectives 44 
(McCook et al. 2009; Gaines et al. 2010; McCook et al. 2010). Specifically, the functioning 45 
of marine reserves is dependent on the degree to which MPA individuals contribute to 46 
populations within the MPA (Claudet et al. 2008; Fenberg et al. 2012), and through 47 
spillover/dispersal, to areas beyond reserve borders (Grüss et al. 2011a; Grüss et al. 2011b; 48 
Harrison et al. 2012). Connectivity thus influences the extent to which such MPAs may 49 
contribute recruits to fished areas, as well as other MPAs (Palumbi 2003). 50 
In benthic-orientated marine species, which are often relatively sedentary as adults, 51 
connectivity is largely shaped by dispersal during a larval phase (Cowen et al. 2007); the 52 
sampling of which is logistically challenging. Combined with a generally poor understanding 53 
of the interactions between dispersal and oceanic features, the measurement of marine 54 
connectivity remains extremely difficult. In this sense, genetic tools are recognised as an 55 
extremely powerful resource to provide indirect estimates of connectivity, and as such to 56 
describe population dynamics and to predict, validate and quantify the ecological and 57 
economical success of MPAs (Christie et al. 2010b). 58 
The European lobster, Homarus gammarus, is widely distributed in the northeast 59 
Atlantic, with its range extending from the Arctic Circle to Morocco, although it is not 60 
present in the Baltic Sea due to lowered salinity and temperature extremes (Triantafyllidis et 61 
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al. 2005). Population genetic studies of H. gammarus have been performed using 62 
microsatellite (Ferguson, unpublished data), mitochondrial DNA (mtDNA) (Triantafyllidis et 63 
al. 2005), and allozyme (Jørstad et al. 2005) markers but have to date focused on 64 
macrogeographical scales. While H. gammarus has a long pelagic larval duration offering the 65 
potential for extensive dispersal, genetic studies of other marine invertebrates indicate that 66 
local oceanography, and other physical and biological factors can contribute to fine scale 67 
genetic structuring and recruitment variability (Selkoe et al. 2006; Banks et al. 2007; Iacchei 68 
et al. 2013). Hence, finer scale genetic studies of H. gammarus are required to understand 69 
population structure at geographical scales more relevant to the species’ fishery, especially in 70 
light of signatures of over-exploitation across Europe (Browne et al. 2001). 71 
H. gammarus has been a socioeconomically important resource for Irish coastal 72 
communities for over a century (Browne et al. 2001). In this time there have been significant 73 
fluctuations in landings (>460%) and the relative importance of the fishery has changed with 74 
the development of ancillary crustacean fisheries (Browne et al. 2001). The species supports 75 
an important fishery in the Irish Sea where it is intensively harvested by both Irish and British 76 
fishers (Table S1). High levels of exploitation, by British fishers only, are also reported for 77 
the adjoining Bristol Channel (Table S1). A prominent feature of the Bristol Channel fishery 78 
is the marine protected area at Lundy Island (off the North Devon coast). This was first 79 
designated as a No-Take Zone (NTZ) in 2003 and became the United Kingdom’s (UK) first 80 
Marine Conservation Zone (MCZ) in 2009. 81 
The Irish Sea receives Atlantic water and influences from the Celtic Sea and St. 82 
Georges Channel in the south, and via the North Channel and Malin Shelf Sea in the North 83 
(Howarth 2005). The semi diurnal tides are the dominant physical process in the region with 84 
the North and South tidal streams meeting in a region just south of the Isle of Man, where 85 
they form a standing wave (Howarth 2005). The southern emanating tidal streams represent a 86 
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potential vector for northward larval dispersal, a likely mechanism linking the Bristol 87 
Channel and Irish Sea lobster populations. However, hydrodynamic modelling indicates 88 
patterns of stratification and residual flows that may significantly constrain larval recruitment 89 
while models of larval dispersal incorporating different behaviours (time of release and 90 
swimming) have reported substantially different patterns of predicted dispersal 91 
(http://www.susfish.com/index.php/workPackagesDetails/2). As such, empirical data are 92 
needed to assess patterns of connectivity within and between the Irish Sea and Bristol 93 
Channel, and in doing so to assess the connectivity of the Lundy NTZ. 94 
Microsatellites have been shown to be capable of resolving fine scale population 95 
structure (McKeown et al. 2015) and were employed in this study to test the general 96 
hypothesis of a panmictic population of H. gammarus across the Irish Sea and Bristol 97 
Channel against alternatives of inter- and intra-regional structuring. Encapsulated within this 98 
was an assessment of the connectivity and other genetic parameters of the Lundy NTZ at 99 
local and regional scales. Studies such as this one will provide a baseline for future genetic 100 
monitoring of the lobster stock within the area and contribute to holistic assessments of the 101 
impact of small marine reserves on fisheries enhancement and sustainability. 102 
 103 
2. Materials & Methods 104 
2.1. Sample collection, DNA isolation and microsatellite genotyping 105 
Samples were collected from lobsters at Lundy Island from within the NTZ (Lundy 106 
No-Take Zone, LNTZ) and outside the NTZ (Lundy Island Control Zone, LICZ), and from 107 
seven locations within the Irish Sea and Bristol Channel (Table 1, Figure 1). All samples 108 
consisted of mixed cohorts of adults. 109 
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Haemolymph was extracted from lobsters using a 2 ml Terumo syringe with a 110 
G23x25 mm needle (VWR International Ltd.) and preserved in absolute ethanol (1:8). DNA 111 
was extracted using the QIAGEN DNeasy Blood & Tissue Kit (QIAGEN, CA-USA) after an 112 
initial centrifugation step of 400 µl of the haemolymph/ethanol mixture for 5 minutes at 7000 113 
x g in order to precipitate the cells into a pellet easily separated from the alcoholic fraction. 114 
Twelve species-specific microsatellite loci (André & Knutsen 2010) were amplified in 115 
two multiplex PCR reactions. Amplification was carried out using the QIAGEN Multiplex 116 
PCR Kit (QIAGEN, CA-USA) in a final volume of 10 µl. This contained 5 µl of Multiplex 117 
Kit Buffer, 1 µl of genomic DNA (~100ng) and 0.2 µl of each forward and reverse primer for 118 
the specific multiplex reaction. The PCR cycle involved an initial denaturation step at 95 °C 119 
for 15 minutes, followed by 34 cycles of 45 seconds at 94 °C, 45 seconds at 59 °C and 45 120 
seconds at 72 °C, and a final extension step at 72 °C for 45 minutes. Products were then run 121 
on an ABI 3730 Genetic Analyzer (Applied Biosystems) alongside a GS500LIZ size standard 122 
and alleles were inferred using GeneMapper 4.0 (Applied Biosystems). 123 
 124 
2.2. Statistical analysis of microsatellite data 125 
Genetic variation within samples was characterised using number of alleles (NA), 126 
effective number of alleles (AEFF), allelic richness (AR; El Mousadik & Petit 1996), 127 
observed heterozygosity (Ho), and expected heterozygosity (He) (Nei 1978), calculated using 128 
GENALEX 6.2 (Peakall & Smouse 2006). Deviations from Hardy-Weinberg equilibrium 129 
(HWE) expectations and genotypic linkage equilibrium (LD) between pairs of loci were 130 
tested using exact tests (10 000 batches, 5000 iterations) in GENEPOP 3.3 (Raymond & 131 
Rousset 1995). Deviations from HWE were measured using FIS, calculated according to Weir 132 
& Cockerham (1984) and tested for significance by 10 000 permutations in FSTAT 2.9.3 133 
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(Goudet 1995). Mean pairwise relatedness within samples was calculated using the 134 
relatedness estimator, rqg, of Queller & Goodnight (1989) in GENALEX with associated 95% 135 
confidence intervals determined by 1000 bootstraps. The 95% confidence intervals for the 136 
expected range of rqg under a panmictic model were calculated following 999 permutations of 137 
genotypes among samples. 138 
Genetic differentiation between and among samples was assessed using pairwise and 139 
global (i) FST values, calculated in FSTAT with significance assessed by 10 000 140 
permutations, and (ii) exact tests of allele frequency homogeneity performed in GENEPOP 141 
(10 000 batches 5000 iterations). The simulation method implemented in POWSIM (Ryman 142 
& Palm 2006) was used to estimate the sample size-dependent Type I and Type II error 143 
probabilities of exact tests. FST values were also calculated using the null allele correction 144 
method in FreeNA (Chapuis & Estoup 2007). The assumption of neutrality of the 145 
microsatellite loci was assessed using the FDIST outlier test (Beaumont & Nichols 1996) 146 
implemented in LOSITAN (Antao et al. 2008). Outlier tests were performed globally and 147 
between pairs of samples. FST matrices were visualised in a Multi-Dimensional Scaling plot 148 
constructed in R (R Core Team 2013) with the pcoa function. Genetic relationships were also 149 
visualised by a Principal Component Analysis (PCA) performed in PCAGEN (Goudet 1999). 150 
Mantel tests, implemented in the IBDWS software (Jensen et al. 2005) were used to test for 151 
correlation between pairwise FST and geographical distances between sample sites (i.e. 152 
isolation by distance). Geographical distances were calculated as the shortest sea distances 153 
between approximate centres of sampling locations using NETPAS 2.5. Genetic structure 154 
was also investigated without a priori sample information included using the Bayesian 155 
clustering analysis implemented in the program STRUCTURE (Pritchard et al. 2000; Falush 156 
et al. 2003, 2007). Following recommendations by Hubisz et al. (2009) analyses were 157 
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replicated for both the original ‘no locprior’ and new ‘with locprior’ models. Each run 158 
consisted of a burn-in of 1 000 000 steps followed by 5 x 1 000 000 steps. 159 
To investigate asymmetric dispersal patterns (source-sink recruitment) recent 160 
migration rates were inferred using the Bayesian inference approach implemented in the 161 
program BAYESASS 3.0.3 (Wilson & Rannala 2003). Simulations with a unique seed value 162 
were run for 10 000 000 iterations with MCMC chains sampled every 1 000 iterations, 163 
following an initial burn-in of 1 000 000 iterations. As suggested in the program 164 
documentation, the five mixing parameters were adjusted to ensure acceptance rates between 165 
20% and 60%, with ∆M, ∆A and ∆F set to 0.70. In order to examine convergence, the 166 
posterior mean parameter estimates of multiple runs were compared. 167 
Effective population sizes (Ne) were estimated using LDNE (Waples & Do 2008), in 168 
which a random mating model was assumed. To test for recent effective population size 169 
reductions, BOTTLENECK 1.2 (Piry et al. 1999) was utilised using 10 000 permutations for 170 
the Infinite Allele (IAM) (Crow & Kimura 1970), Stepwise Mutation (SMM) (Ohta & 171 
Kimura 1973) and Two-Phase Mutation (TPM) (Di Rienzo et al. 1994) models of 172 
microsatellite evolution. Approximately 90% of microsatellite mutations are single step 173 
(Garza & Williamson 2001), thus the parameters of the TPM model were set to run at 90% of 174 
single step mutations with a variance of 10 among multiple steps. The Wilcoxon test was 175 
used to determine whether any of the sample sites show an excess of heterozygosity, which is 176 
expected after a severe bottleneck (Cornuet & Luikart 1996). In addition, the graphical mode-177 
shift test was incorporated to detect shifts from the normal L-shaped distribution of allele 178 
frequencies that are expected at equilibrium (Luikart et al. 1998). A second approach to 179 
assess for evidence of a population bottleneck was the M-ratio between the total number of 180 
alleles (k) and the overall range in allele size (r) (Garza & Williamson 2001). M was 181 
calculated in ARLEQUIN 3.5 (Excoffier & Lischer 2010) by taking the mean population 182 
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value from the modified Garza-Williamson (GW) index computation. The modification of the 183 
GW index avoids a division by zero when a gene sample is fixed for a single allele (Excoffier 184 
et al. 2005). Values of M < 0.68 were considered as a sign of a recent population bottleneck 185 
(Garza & Williamson 2001), as described in Coscia et al. (2012). 186 
 187 
3. Results 188 
The total number of alleles per locus ranged from seven to 17 (mean = 10.17) and 189 
levels of genetic variability were highly similar among all samples (Table 1; Table S2; Figure 190 
S1). Three locus-pairings were found to be in global linkage disequilibrium: HGD106 & 191 
HGC131b (P = 0.025); HGC129 & HGC118 (P = 0.019); and HGD111 & HGC103 (P = 192 
0.042).  However, these test results became non-significant after Bonferroni correction. 193 
Furthermore, significant global test results were due to significant results occurring only in 194 
one or two samples in each case (HGD106 & HGC131b locus-pairing: WEX, P = 0.003; 195 
HGC129 & HGC118 locus-pairing: LNTZ, P = 0.043, and; HGD111 & HGC103 locus-196 
pairing: SW, P = 0.002; NW, P = 0.016) and became non-significant upon omission of these 197 
samples. All deviations from HWE were due to heterozygote deficits. Eight out of a total 108 198 
individual locus/sample tests exhibited deviations from HWE (at P < 0.05), with two 199 
remaining significant after Bonferroni correction: LNTZ and LICZ at locus HGA8 (P < 200 
0.0005). Multilocus deviations from HWE were reported for the Waterford (WF) and North 201 
Dublin (ND) samples from Ireland and both Lundy samples from the Bristol Channel (LNTZ, 202 
LICZ) with LNTZ exhibiting the largest FIS value (Table 1). In all cases these were due to 203 
single locus deviations occurring at HGA8, and became non-significant after omission of this 204 
locus. Mean kinship values were within ranges predicted for a panmictic model but there 205 
were significant differences between samples (Figure 2). 206 
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A global exact test of genic homogeneity was non-significant (P = 0.727) as were all 207 
pairwise comparisons except that between LNTZ and SW (P < 0.05) (Table 2). Simulation 208 
analysis performed in POWSIM indicated that the locus polymorphism and sample sizes  209 
used in this study would have conferred sufficient power for tests to detect even low levels of 210 
‘true’ genetic structuring (estimated probability of 0.99 that the data would identify 211 
differentiation at true FST = 0.01) while retaining a low Type I error probability (P = 0.04). 212 
Similarly, global FST (-0.000; 95% CI: -0.002 – 0.001) and all pairwise FSTs were non-213 
significant for both unedited and null allele corrected data sets (Table S3). LOSITAN 214 
confirmed the neutrality of the 12 microsatellite markers that were used, with none being 215 
selected as candidates for balancing or positive selection in global or pairwise tests. 216 
Visualisation of pairwise FST using MDS revealed no geographic pattern (Figure 3) and there 217 
was not significant IBD (r = 0.057, P = 0.35). Bayesian clustering analysis did not provide 218 
evidence of population structuring, with all runs unanimously supporting a model of K=1. 219 
Inconsistencies between the posterior mean parameter estimates for the BAYEASS 220 
simulations indicated there was insufficient information in the data to accurately infer recent 221 
migration rates among LNTZ, SW, DEV, and WF, WEX. Estimates of Ne suggest that the 222 
sampled populations were very large, with upper 95% confidence intervals including infinity 223 
(Table 1). BOTTLENECK reported significant results under the IAM for the SW (P = 0.032) 224 
and DEV (P = 0.017) samples but all tests assuming a TPM or SMM were not significant. 225 
Allele frequency distributions revealed no mode shifts for any sample (i.e. standard L shapes 226 
detected). The M-ratio values for all samples suggested historical population size reductions. 227 
 228 
4. Discussion 229 
Microsatellite markers represent powerful tools to investigate demographic processes 230 
that may be beyond the resolution of other genetic marker types (Shaw et al. 2004). This 231 
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study is the first to employ microsatellites to look at fine scale population processes in H. 232 
gammarus. Simulation analysis indicated that marker polymorphism and sample sizes in this 233 
study conferred considerable power to detect even low levels of genetic differentiation 234 
between samples. Global and pairwise (FST and exact) tests provided no evidence of 235 
significant differentiation among samples. This pattern of genetic homogeneity was also 236 
replicated for analysis of sex partitioned samples. For many marine species, estimates of 237 
genetic structure may be compromised by adult dispersal (resulting in mechanical mixing of 238 
differentiated populations) (Nielsen et al. 2004). However, as H. gammarus adults are largely 239 
sedentary (Jensen et al. 1993; Bannister et al. 1994; Smith et al. 2001; Moland et al. 2011; 240 
Øresland & Ulmestrand 2013), postlarval dispersal is unlikely to influence results. 241 
Furthermore, Bayesian clustering analysis provided no evidence of genetic structuring, a 242 
pattern which is typical of lobsters (Tolley et al. 2005; García-Rodríguez & Perez-Enriquez 243 
2008; Naro-Maciel et al. 2011) except where gene flow is restricted by conspicuous physical 244 
drivers (e.g. oceanography; geographic barriers) (Gopal et al. 2006; Palero et al. 2008). The 245 
lack of population structure indicates high levels of gene flow and connectivity within and 246 
between the Irish Sea and Bristol Channel. 247 
The overall genetic homogeneity is also consistent with connectivity of the Lundy 248 
NTZ. Samples collected outside of the Lundy NTZ reported similar levels of genetic diversity 249 
to the Lundy NTZ sample, which is also compatible with a lack of isolation for the Lundy 250 
NTZ. Calò et al. (2016) reported similar levels of genetic diversity for protected and 251 
unprotected areas in the saddled sea bream (Oblada melanura). This pattern differs from the 252 
study including two MPAs in the western Mediterranean by Pérez-Ruzafa et al. (2006) that 253 
reported higher values of total and standardised allelic richness in protected populations of 254 
Diplodus sargus than in unprotected ones. 255 
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The similar levels of genetic diversity between MPA and non-MPA sites observed for 256 
H. gammarus may be a combination of (i) the high level of connectivity throughout the 257 
studied area and (ii) a lack of fishery induced genetic erosion. The significant M-ratio test 258 
results obtained for all H. gammarus samples likely reflect ancestral bottlenecks common to 259 
all populations within the study area (Girod et al. 2011). Similar genetic signatures of 260 
ancestral population size changes associated with historical climate change events such as the 261 
Pleistocene glaciations have been detected in a range of lobster species (Gopal et al. 2006; 262 
García-Rodríguez & Perez-Enriquez 2008; Naro-Maciel et al. 2011). No compelling evidence 263 
of more recent bottlenecks was discovered in any H. gammarus sample. Although the Gower 264 
(SW) and Ilfracombe (DEV) samples revealed significant bottleneck signatures using the 265 
Wilcoxon sign rank test, this is not considered as strong evidence for a bottleneck, as test 266 
results were only significant under the IAM, a mutation model deemed unlikely for 267 
microsatellites (Piry et al. 1999), and it is recommended to use the SMM to be statistically 268 
conservative when testing for recent bottlenecks (Luikart & Cornuet 1998). This was further 269 
confirmed by the lack of L-mode shifts, intrasample relatedness values within expected 270 
ranges for a panmictic population, and estimates of Ne which included infinity. Levels of 271 
intrasample variation (Ho, He, NA) were also comparable to values reported for putative ‘non-272 
bottlenecked’ populations sampled from other regions (Ferguson, unpublished data) 273 
indicating that H. gammarus has not undergone any recent genetic erosion due to fishing 274 
activities within the Irish Sea or Bristol Channel and retains a high level of genetic variation.   275 
An important consideration is that the high background levels of genetic diversity 276 
may make any MPA associated increase in diversity difficult to detect. Moreover, any genetic 277 
changes, positive or negative, associated with the NTZ may not be detectable for a number of 278 
generations and thus may not be apparent due to its recent establishment. As such, this study 279 
must form part of an ongoing genetic monitoring program.       280 
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In this study significant heterozygote deficits were reported for the Irish Waterford 281 
and North Dublin samples and the two Lundy samples, with the Lundy NTZ exhibiting the 282 
largest deficit. In all cases these deficits were driven by a single locus (HGA8), indicating a 283 
null allele effect. However, in light of the low level of genetic structure throughout the 284 
studied area, the restriction of such heterozygote deficits to particular samples, with the 285 
largest deficit reported for the NTZ, suggests there may be some biological component. 286 
Significant heterozygote deficits are a common feature among marine invertebrates with 287 
biological drivers including inbreeding, selection and Wahlund effects (Addison & Hart 288 
2005). Inbreeding can be discounted as values of relatedness for all samples are in line with 289 
expectations of panmixia and provide no evidence that closely related individuals have been 290 
sampled. Selection against heterozygotes has rarely been documented (Teske et al. 2013) and 291 
outlier tests reported no evidence of selection effects at the employed loci. Based on the low 292 
level of genetic structure throughout the studied region spatial Wahlund effects due to the 293 
sampling of mixtures of individuals derived from genetically differentiated populations can 294 
also be discounted. However, for many highly fecund marine species with pelagic larval 295 
stages, large variances in reproductive success occur among individuals (sweepstakes 296 
recruitment) such that in any reproductive event only a small fraction of adults contributes to 297 
the next generation (Hedgecock 1994). This can generate genetic differences within and 298 
between cohorts (cohort Wahlund) (Ruzzante et al. 1996) without restricted gene flow where 299 
recruitment is temporally or spatially variable (Johnson et al. 1993). By a process of 300 
elimination, sweepstakes effects as a component of overall localised recruitment 301 
stochasticity, represents the most plausible biological mechanism for generating the reported 302 
heterozygote deficits. Palero et al. (2011) suggested that for the lobster Palinurus elephas, the 303 
biased exploitation of large individuals led to a reduction in the number of large females and 304 
a consequent reduction in variance in reproductive success. In the case of the Lundy NTZ, the 305 
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predicted persistence of larger females (Wootton et al. 2012) may increase the scope for 306 
variance in reproductive success. Furthermore, a paternity study in the American lobster, H. 307 
americanus, reported evidence of high levels of multiple paternity at exploited sites but single 308 
paternity at the only unexploited site (Gosselin et al. 2005). Similar fishery associated 309 
reduction in multiple paternity at the Lundy NTZ would serve to increase variance in 310 
reproductive success compared to other multiple paternity areas (McKeown & Shaw 2008). 311 
Confirmation and identification of any such NTZ effects is vital and will require comparative 312 
analysis of other species and ideally comparisons of intraspecific patterns associated with 313 
other NTZs. 314 
In conclusion, the data indicate that within the studied area, H. gammarus, including 315 
those within the NTZ, belong to a single panmictic population. Comparable levels of genetic 316 
diversity within the Irish Sea and with other regions indicate that the species retains high 317 
levels of neutral genetic diversity despite being heavily exploited. Spatial genetic 318 
homogeneity and large effective population size estimates suggest that if current breeding 319 
stock sizes are maintained, loss of neutral genetic variation within the Irish Sea and Bristol 320 
Channel is unlikely. The high connectivity throughout the studied area emphasises the need 321 
for cooperation between British and Irish fishery managers and also has implications for the 322 
spatial distribution of future MPAs and the establishment of a MPA connected network 323 
(Larson & Julian 1999). Future research aimed at describing even finer elements of 324 
demographic connectivity would benefit from employing genome wide SNP analyses. These 325 
offer the potential to assay a huge number of loci for use in isolation-with-migration models, 326 
and may reveal asymmetric gene flow dynamics (Wang & Hey 2010; Marko & Hart 2011) 327 
that were beyond the resolution of the current data set, as indicated by the simulations 328 
performed for BAYEASS. Additionally, direct estimates of dispersal could be obtained 329 
15 
 
through genetic parentage analysis of new recruits (Jones et al. 2005; Planes et al. 2009; 330 
Christie et al. 2010a; Saenz-Agudelo et al. 2011; Buston et al. 2012; D'Aloia et al. 2013). 331 
 332 
Acknowledgements 333 
This research formed part of SUSFISH, a 3 year project funded by the European Union 334 
Regional Development Fund (ERDF) under the Ireland Wales Programme 2007-2013 335 
(Interreg 4A, Project No. 042). 336 
 337 
  338 
16 
 
References 339 
Addison J, Hart M (2005) Spawning, copulation and inbreeding coefficients in marine 340 
invertebrates. Biology Letters, 1, 450-453. 341 
André C, Knutsen H (2010) Development of twelve novel microsatellite loci in the European 342 
lobster (Homarus gammarus). Conservation Genetics Resources, 2, 233-236. 343 
Antao T, Lopes A, Lopes RJ, Beja-Pereira A, Luikart G (2008) LOSITAN: a workbench to 344 
detect molecular adaptation based on a FST-outlier method. BMC Bioinformatics, 9, 323. 345 
Banks SC, Piggott MP, Williamson JE, Bové U, Holbrook NJ, Beheregaray LB (2007) 346 
Oceanic variability and coastal topography shape genetic structure in a long-dispersing sea 347 
urchin. Ecology, 88, 3055-3064. 348 
Bannister R, Addison J, Lovewell S (1994) Growth, movement, recapture rate and survival of 349 
hatchery-reared lobsters (Homarus gammarus (Linnaeus, 1758)) released into the wild on the 350 
English east coast. Crustaceana, 67, 156-172. 351 
Beaumont MA, Nichols RA (1996) Evaluating loci for use in the genetic analysis of 352 
population structure. Proceedings of the Royal Society of London Series B: Biological 353 
Sciences, 263, 1619-1626. 354 
Browne R, Mercer J, Duncan M (2001) An historical overview of the Republic of Ireland’s 355 
lobster (Homarus gammarus Linnaeus) fishery, with reference to European and North 356 
American (Homarus americanus Milne Edwards) lobster landings. Hydrobiologia, 465, 49-357 
62. 358 
Buston PM, Jones GP, Planes S, Thorrold SR (2012) Probability of successful larval 359 
dispersal declines fivefold over 1 km in a coral reef fish. Proceedings of the Royal Society of 360 
London B: Biological Sciences, 279, 1883-1888. 361 
17 
 
Calò A, Muñoz I, Pérez-Ruzafa Á, Vergara-Chen C, García-Charton JA (2016) Spatial 362 
genetic structure in the saddled sea bream (Oblada melanura [Linnaeus, 1758]) suggests 363 
multi-scaled patterns of connectivity between protected and unprotected areas in the Western 364 
Mediterranean Sea. Fisheries Research, 176, 30-38. 365 
Chapuis M-P, Estoup A (2007) Microsatellite null alleles and estimation of population 366 
differentiation. Molecular Biology and Evolution, 24, 621-631. 367 
Christie MR, Johnson DW, Stallings CD, Hixon MA (2010a) Self‐recruitment and 368 
sweepstakes reproduction amid extensive gene flow in a coral‐reef fish. Molecular Ecology, 369 
19, 1042-1057. 370 
Christie MR, Tissot BN, Albins MA, Beets JP, Jia Y, Ortiz DM, Thompson SE, Hixon MA 371 
(2010b) Larval connectivity in an effective network of marine protected areas. PloS One, 5. 372 
Claudet J, Osenberg CW, Benedetti‐Cecchi L, Domenici P, García‐Charton JA, Pérez‐Ruzafa 373 
Á, Badalamenti F, Bayle‐Sempere J, Brito A, Bulleri F (2008) Marine reserves: size and age 374 
do matter. Ecology Letters, 11, 481-489. 375 
Cornuet JM, Luikart G (1996) Description and power analysis of two tests for detecting 376 
recent population bottlenecks from allele frequency data. Genetics, 144, 2001-2014. 377 
Coscia I, Vogiatzi E, Kotoulas G, Tsigenopoulos C, Mariani S (2012) Exploring neutral and 378 
adaptive processes in expanding populations of gilthead sea bream, Sparus aurata L., in the 379 
North-East Atlantic. Heredity, 108, 537-546. 380 
Cowen RK, Gawarkiewicz GG, Pineda J, Thorrold SR, Werner FE (2007) Population 381 
connectivity in marine systems: an overview. Oceanography, 20, 14-21. 382 
Crow JF, Kimura M (1970) An introduction to population genetics theory. Harper & Row, 383 
New York, NY. 384 
18 
 
D'Aloia C, Bogdanowicz S, Majoris J, Harrison R, Buston P (2013) Self‐recruitment in a 385 
Caribbean reef fish: a method for approximating dispersal kernels accounting for seascape. 386 
Molecular Ecology, 22, 2563-2572. 387 
Di Rienzo A, Peterson A, Garza J, Valdes A, Slatkin M, Freimer N (1994) Mutational 388 
processes of simple-sequence repeat loci in human populations. Proceedings of the National 389 
Academy of Sciences of the United States of America, 91, 3166-3170. 390 
El Mousadik A, Petit R (1996) High level of genetic differentiation for allelic richness among 391 
populations of the argan tree [Argania spinosa (L.) Skeels] endemic to Morocco. Theoretical 392 
and Applied Genetics, 92, 832-839. 393 
Excoffier L, Estoup A, Cornuet J-M (2005) Bayesian analysis of an admixture model with 394 
mutations and arbitrarily linked markers. Genetics, 169, 1727-1738. 395 
Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new series of programs to perform 396 
population genetics analyses under Linux and Windows. Molecular Ecology Resources, 10, 397 
564-567. 398 
Falush D, Stephens M, Pritchard JK (2003) Inference of population structure using multilocus 399 
genotype data: linked loci and correlated allele frequencies. Genetics, 164, 1567-1587. 400 
Falush D, Stephens M, Pritchard JK (2007) Inference of population structure using multilocus 401 
genotype data: dominant markers and null alleles. Molecular Ecology Notes, 7, 574-578. 402 
Fenberg PB, Caselle JE, Claudet J, Clemence M, Gaines SD, García-Charton JA, Gonçalves 403 
EJ, Grorud-Colvert K, Guidetti P, Jenkins SR (2012) The science of European marine 404 
reserves: status, efficacy, and future needs. Marine Policy, 36, 1012-1021. 405 
Gaines SD, White C, Carr MH, Palumbi SR (2010) Designing marine reserve networks for 406 
both conservation and fisheries management. Proceedings of the National Academy of 407 
Sciences, 107, 18286-18293. 408 
19 
 
García-Rodríguez FJ, Perez-Enriquez R (2008) Lack of genetic differentiation of blue spiny 409 
lobster Panulirus inflatus along the Pacific coast of Mexico inferred from mtDNA sequences. 410 
Marine Ecology Progress Series, 361, 203-212. 411 
Garza J, Williamson E (2001) Detection of reduction in population size using data from 412 
microsatellite loci. Molecular Ecology, 10, 305-318. 413 
Girod C, Vitalis R, Leblois R, Freville H (2011) Inferring population decline and expansion 414 
from microsatellite data: a simulation-based evaluation of the Msvar method. Genetics, 188, 415 
165-179. 416 
Gopal K, Tolley K, Groeneveld J, Matthee C (2006) Mitochondrial DNA variation in spiny 417 
lobster Palinurus delagoae suggests genetically structured populations in the southwestern 418 
Indian Ocean. Marine Ecology Progress Series, 319, 191-198. 419 
Gosselin T, SAINTE‐MARIE B, Bernatchez L (2005) Geographic variation of multiple 420 
paternity in the American lobster, Homarus americanus. Molecular Ecology, 14, 1517-1525. 421 
Goudet J (1995) FSTAT (version 1.2): a computer program to calculate F-statistics. Journal 422 
of Heredity, 86, 485-486. 423 
Goudet J (1999) PCAGEN (version 1.2.1). Population Genetics Laboratory, University of 424 
Lausanne. http://www2.unil.ch/popgen/softwares/pcagen.htm. 425 
Grüss A, Kaplan DM, Guénette S, Roberts CM, Botsford LW (2011a) Consequences of adult 426 
and juvenile movement for marine protected areas. Biological Conservation, 144, 692-702. 427 
Grüss A, Kaplan DM, Hart DR (2011b) Relative impacts of adult movement, larval dispersal 428 
and harvester movement on the effectiveness of reserve networks. PloS One, 6, e19960. 429 
20 
 
Harrison HB, Williamson DH, Evans RD, Almany GR, Thorrold SR, Russ GR, Feldheim 430 
KA, Van Herwerden L, Planes S, Srinivasan M (2012) Larval export from marine reserves 431 
and the recruitment benefit for fish and fisheries. Current Biology, 22, 1023-1028. 432 
Hastings A, Botsford LW (2006) Persistence of spatial populations depends on returning 433 
home. Proceedings of the National Academy of Sciences, 103, 6067-6072. 434 
Hedgecock D (1994) Does variance in reproductive success limit effective population sizes of 435 
marine organisms? In: Beaumont AR (ed) Genetics and evolution of aquatic organisms. 436 
Chapman & Hall, London. pp. 122-134. 437 
Howarth M (2005) Hydrography of the Irish Sea. SEA6 Technical Report, UK, Department 438 
of Trade and Industry offshore energy Strategic Assessment programme. 439 
Hubisz MJ, Falush D, Stephens M, Pritchard JK (2009) Inferring weak population structure 440 
with the assistance of sample group information. Molecular Ecology Resources, 9, 1322-441 
1332. 442 
Iacchei M, Ben‐Horin T, Selkoe KA, Bird CE, García‐Rodríguez FJ, Toonen RJ (2013) 443 
Combined analyses of kinship and FST suggest potential drivers of chaotic genetic patchiness 444 
in high gene‐flow populations. Molecular Ecology, 22, 3476-3494. 445 
Jensen AC, Free EK, Collins KJ (1993) Lobster (Homarus gammarus) movement in the 446 
Poole Bay fishery, Dorset, UK. ICES Shellfish Committee, 1993/K 1949: 1991-1999. 447 
(Copenhagen). 448 
Jensen JL, Bohonak AJ, Kelley ST (2005) Isolation by distance, web service. BMC Genetics, 449 
6, 13. 450 
Johnson M, Hebbert D, Moran M (1993) Genetic analysis of populations of north-western 451 
Australian fish species. Marine and Freshwater Research, 44, 673-685. 452 
21 
 
Jones GP, Planes S, Thorrold SR (2005) Coral reef fish larvae settle close to home. Current 453 
Biology, 15, 1314-1318. 454 
Jørstad KE, Farestveit E, Kelly E, Triantaphyllidis C (2005) Allozyme variation in European 455 
lobster (Homarus gammarus) throughout its distribution range. New Zealand Journal of 456 
Marine and Freshwater Research, 39, 515-526. 457 
Larson RJ, Julian R (1999) Spatial and temporal genetic patchiness in marine populations and 458 
their implications for fisheries management. California Cooperative Oceanic Fisheries 459 
Investigations Report, 40, 94-99. 460 
Luikart G, Allendorf F, Cornuet J, Sherwin W (1998) Distortion of allele frequency 461 
distributions provides a test for recent population bottlenecks. Journal of Heredity, 89, 238-462 
247. 463 
Luikart G, Cornuet JM (1998) Empirical evaluation of a test for identifying recently 464 
bottlenecked populations from allele frequency data. Conservation Biology, 12, 228-237. 465 
Marko PB, Hart MW (2011) The complex analytical landscape of gene flow inference. 466 
Trends in Ecology & Evolution, 26, 448-456. 467 
McCook L, Almany G, Berumen M, Day J, Green A, Jones G, Leis J, Planes S, Russ G, Sale 468 
P (2009) Management under uncertainty: guide-lines for incorporating connectivity into the 469 
protection of coral reefs. Coral Reefs, 28, 353-366. 470 
McCook LJ, Ayling T, Cappo M, Choat JH, Evans RD, De Freitas DM, Heupel M, Hughes 471 
TP, Jones GP, Mapstone B (2010) Adaptive management of the Great Barrier Reef: a 472 
globally significant demonstration of the benefits of networks of marine reserves. 473 
Proceedings of the National Academy of Sciences, 107, 18278-18285. 474 
22 
 
McKeown NJ, Arkhipkin AI, Shaw PW (2015) Integrating genetic and otolith 475 
microchemistry data to understand population structure in the Patagonian Hoki (Macruronus 476 
magellanicus). Fisheries Research, 164, 1-7. 477 
McKeown NJ, Shaw PW (2008) Single paternity within broods of the brown crab Cancer 478 
pagurus: a highly fecund species with long-term sperm storage. Marine Ecology Progress 479 
Series, 368, 209-215. 480 
Moland E, Olsen EM, Knutsen H, Knutsen JA, Enersen SE, André C, Stenseth NC (2011) 481 
Activity patterns of wild European lobster Homarus gammarus in coastal marine reserves: 482 
implications for future reserve design. Marine Ecology Progress Series, 429, 197-207. 483 
Naro-Maciel E, Reid B, Holmes KE, Brumbaugh DR, Martin M, DeSalle R (2011) 484 
Mitochondrial DNA sequence variation in spiny lobsters: population expansion, panmixia, 485 
and divergence. Marine Biology, 158, 2027-2041. 486 
Nei M (1978) Estimation of average heterozygosity and genetic distance from a small 487 
number of individuals. Genetics, 89, 583-590. 488 
Nielsen EE, Nielsen PH, Meldrup D, Hansen MM (2004) Genetic population structure of 489 
turbot (Scophthalmus maximus L.) supports the presence of multiple hybrid zones for marine 490 
fishes in the transition zone between the Baltic Sea and the North Sea. Molecular Ecology, 491 
13, 585-595. 492 
Ohta T, Kimura M (1973) A model of mutation appropriate to estimate the number of 493 
electrophoretically detectable alleles in a finite population. Genetical Research, 22, 201-204. 494 
Øresland V, Ulmestrand M (2013) European lobster subpopulations from limited adult 495 
movements and larval retention. ICES Journal of Marine Science, 70, 532-539. 496 
23 
 
Palero F, Abello P, Macpherson E, Beaumont M, Pascual M (2011) Effect of oceanographic 497 
barriers and overfishing on the population genetic structure of the European spiny lobster 498 
(Palinurus elephas). Biological Journal of the Linnean Society, 104, 407-418. 499 
Palero F, Abelló P, Macpherson E, Gristina M, Pascual M (2008) Phylogeography of the 500 
European spiny lobster (Palinurus elephas): influence of current oceanographical features 501 
and historical processes. Molecular Phylogenetics and Evolution, 48, 708-717. 502 
Palumbi SR (2003) Population genetics, demographic connectivity, and the design of marine 503 
reserves. Ecological Applications, 13, 146-158. 504 
Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel. Population genetic 505 
software for teaching and research. Molecular Ecology Notes, 6, 288-295. 506 
Piry S, Luikart G, Cornuet J-M (1999) BOTTLENECK: a computer program for detecting 507 
recent reductions in the effective population size using allele frequency data. Journal of 508 
Heredity, 90, 502-503. 509 
Planes S, Jones GP, Thorrold SR (2009) Larval dispersal connects fish populations in a 510 
network of marine protected areas. Proceedings of the National Academy of Sciences, 106, 511 
5693-5697. 512 
Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using 513 
multilocus genotype data. Genetics, 155, 945-959. 514 
Pérez-Ruzafa Á, González-Wangüemert M, Lenfant P, Marcos C, García-Charton JA (2006) 515 
Effects of fishing protection on the genetic structure of fish populations. Biological 516 
Conservation, 129, 244-255. 517 
Queller DC, Goodnight KF (1989) Estimating relatedness using genetic markers. Evolution, 518 
258-275. 519 
24 
 
R Core Team (2013) R: A language and environment for statistical computing. R Foundation 520 
for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 521 
Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics software for 522 
exact tests and ecumenicism. Journal of Heredity, 86, 248-249. 523 
Ruzzante DE, Taggart CT, Cook D (1996) Spatial and temporal variation in the genetic 524 
composition of a larval cod (Gadus morhua) aggregation: cohort contribution and genetic 525 
stability. Canadian Journal of Fisheries and Aquatic Sciences, 53, 2695-2705. 526 
Ryman N, Palm S (2006) POWSIM: a computer program for assessing statistical power when 527 
testing for genetic differentiation. Molecular Ecology Notes, 6, 600-602. 528 
Saenz-Agudelo P, Jones GP, Thorrold SR, Planes S (2011) Connectivity dominates larval 529 
replenishment in a coastal reef fish metapopulation. Proceedings of the Royal Society of 530 
London B: Biological Sciences, 278, 2954-2961. 531 
Selkoe KA, Gaines SD, Caselle JE, Warner RR (2006) Current shifts and kin aggregation 532 
explain genetic patchiness in fish recruits. Ecology, 87, 3082-3094. 533 
Shaw P, Arkhipkin A, Al‐Khairulla H (2004) Genetic structuring of Patagonian toothfish 534 
populations in the Southwest Atlantic Ocean: the effect of the Antarctic Polar Front and 535 
deep‐water troughs as barriers to genetic exchange. Molecular Ecology, 13, 3293-3303. 536 
Smith I, Jensen A, Collins K, Mattey E (2001) Movement of wild European lobsters 537 
Homarus gammarus in natural habitat. Marine Ecology Progress Series, 222, 177-186. 538 
Teske PR, Papadopoulos I, Barker NP, McQuaid CD (2013) Dispersal barriers and stochastic 539 
reproductive success do not explain small-scale genetic structure in a broadcast spawning 540 
marine mussel. Marine Ecology Progress Series, 482, 133-140. 541 
25 
 
Tolley K, Groeneveld J, Gopal K, Matthee C (2005) Mitochondrial DNA panmixia in spiny 542 
lobster Palinurus gilchristi suggests a population expansion. Marine Ecology Progress Series, 543 
297, 225-231. 544 
Triantafyllidis A, Apostolidis A, Katsares V, Kelly E, Mercer J, Hughes M, Jørstad K, Tsolou 545 
A, Hynes R, Triantaphyllidis C (2005) Mitochondrial DNA variation in the European lobster 546 
(Homarus gammarus) throughout the range. Marine Biology, 146, 223-235. 547 
Wang Y, Hey J (2010) Estimating divergence parameters with small samples from a large 548 
number of loci. Genetics, 184, 363-379. 549 
Waples RS, Do C (2008) LDNE: a program for estimating effective population size from data 550 
on linkage disequilibrium. Molecular Ecology Resources, 8, 753-756. 551 
Weir BS, Cockerham CC (1984) Estimating F-statistics for the analysis of population 552 
structure. Evolution, 1358-1370. 553 
Wilson GA, Rannala B (2003) Bayesian inference of recent migration rates using multilocus 554 
genotypes. Genetics, 163, 1177-1191. 555 
Wootton EC, Woolmer AP, Vogan CL, Pope EC, Hamilton KM, Rowley AF (2012) 556 
Increased disease calls for a cost-benefits review of marine reserves. PloS One, 7, e51615. 557 
 558 
  559 
26 
 
Tables 560 
Table 1. Sample information and summary statistics of Homarus gammarus in the Irish Sea: 561 
He expected heterozygosity, Ho observed heterozygosity, NA number of alleles, AEFF 562 
effective number of alleles, AR allelic richness, FIS inbreeding coefficient, and Ne estimates of 563 
effective population size with 95% confidence intervals (parametric). Significant values of 564 
FIS are denoted by * (P < 0.05) or *** (P<0.001). 565 
Sampling 
Location 
Code Coordinates N He Ho NA AEFF AR FIS Ne (95% CI) 
Howth, 
Dublin 
 
ND 53.469° N, 
6.084° W 
36 0.69 0.68 7.25 3.44 6.99 0.016  -272.7  
(474.0 - ∞) 
Carne, 
Wexford 
 
WEX 52.184° N, 
6.302° W 
29 0.67 0.64 7.00 3.42 7.00 0.037  677.7  (98.3 
- ∞) 
Dunmore 
East, 
Waterford 
 
WF 52.085° N, 
7.033° W 
48 0.68 0.64 7.92 3.59 7.24 0.050*  -768.4  
(400.7 - ∞) 
North Llŷn 
Peninsula, 
Gwynedd 
 
NW 52.806° N, 
4.823° W 
40 0.67 0.64 7.92 3.47 7.30 0.049* 2407.4  
(187.2 - ∞) 
Aberystwyth, 
Ceredigion 
 
CB 52.415° N, 
4.236° W 
44 0.67 0.66 7.58 3.34 7.07 0.012 -1234.9 
(253.3 - ∞) 
27 
 
Gower, 
Swansea 
 
SW 51.550° N, 
4.144° W 
48 0.68 0.69 7.83 3.62 7.15 -0.017 -924.1  
(378.0 - ∞) 
Lundy Island 
(outside 
NTZ) 
 
LICZ 51.205° N, 
4.682° W 
44 0.68 0.65 8.00 3.66 7.42 0.046* 1252.1  
(175.6 - ∞) 
Lundy Island 
NTZ 
 
LNTZ 51.189° N, 
4.649° W 
48 0.69 0.64 7.75 3.61 7.17 0.072*** -406.8  
(642.2 - ∞) 
Ilfracombe, 
Devon 
DEV 51.228° N, 
4.125° W 
48 0.69 0.68 7.50 3.65 6.97 0.014 -916.0  
(363.0 - ∞) 
 566 
  567 
28 
 
Table 2. Genetic differentiation of Homarus gammarus samples from the Irish Sea and 568 
Bristol Channel. FST pairwise comparisons (lower diagonal) and exact G tests (upper 569 
diagonal). * denotes significant G-tests (P < 0.05). 570 
  LNTZ LICZ WF CB ND WEX SW NW DEV 
LNTZ 
 
21.057 23.444 25.968 24.981 19.784 36.454* 24.002 31.472 
LICZ -0.002 
 
20.833 26.380 23.484 21.954 20.792 17.966 17.061 
WF 0.002 -0.002 
 
23.220 27.522 23.410 25.288 27.539 17.068 
CB 0.000 0.001 0.002 
 
30.277 22.052 23.771 15.187 23.773 
ND -0.002 -0.001 0.004 -0.001 
 
23.467 24.216 18.863 24.525 
WEX -0.001 0.001 0.004 0.000 0.003 
 
24.576 18.967 23.904 
SW 0.001 -0.002 0.000 -0.001 0.000 0.001 
 
14.771 17.262 
NW 0.000 -0.002 0.004 -0.004 -0.003 0.001 -0.002 
 
11.897 
DEV 0.000 -0.001 0.000 -0.001 -0.002 0.003 -0.003 -0.004   
 571 
  572 
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Figure legends 573 
Figure 1. Sampling locations of the European lobster, Homarus gammarus, in the Irish Sea, 574 
highlighting the marine protected (white circle) and non-protected (black circle) areas. 575 
Figure 2. Mean within-sample pairwise relatedness, rqg, and associated 95% confidence 576 
intervals derived from bootstrap resampling. Grey bars are the 95% upper and lower expected 577 
values for a null distribution generated from 999 permutations of data from all samples. 578 
Figure 3. MDS plot of pairwise FST values of Homarus gammarus in the Irish Sea. 579 
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